The effects of nanosecond pulsed electric fields (nsPEFs) on medaka eggs were examined. Although embryogenesis was not affected by nsPEF treatment alone, significant harmful effects were observed when the eggs were treated with nsPEFs in the presence of cycloheximide in the outer solution. Nanosecond PEF treatment affected the permeability of both the egg envelope (chorion) and the cell membrane, which resulted in intracellular incorporation of cycloheximide.
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Intense pulsed electrical fields (PEFs) can alter the permeability of cell membranes. 1) Zimmermamm et al. 2) demonstrated that this effect is a result of pore formation in the cell membrane due to electrical disruption of the lipid bilayer. PEFs with a pulse length longer than 10 ms are strong enough to generate sufficient voltage to cause defects in cell membranes. This phenomenon has made electroporation one of the most popular techniques of introducing genes into bacterial and mammalian cells. The production, use, and disposal of chemicals has resulted in global-wide pollution and contamination. Ideally, all chemicals should be evaluated for potential biological effects, but screening for toxic compounds can be complicated and inconvenient. In particular, limited information can be ascertained from convenient bioassays assessing developmental toxicity, as the exposure route is an important factor affecting the biological effects of chemicals. Currently, fertilized fish eggs are often used to examine developmental toxicity since embryo direct and maternal indirect exposure routes can be examined and most are transparent, facilitating microscopic observation. However, the methods most commonly used to expose fertilized fish eggs to test chemicals, which include maternal exposure and direct microinjection, 3, 4) have limitations. Indirect maternal exposure requires long test periods and the actual exposure concentration is not defined, while microinjection is technically challenging and not applicable to mammals. Due to these drawbacks, the development of an efficient and convenient chemical delivery system would greatly facilitate developmental toxicity studies.
Schoenbach et al. 5) have suggested that a new type of field-cell interaction utilizing nsPEFs is added to known electric field effects, based on the possibility of controlling cellular functions such as transport processes across subcellular membranes and triggers of intracellular processes such as programmed cell death, which can be used for gene transfer into cell nuclei and cancer treatment respectively. In this study, we attempted to develop an effective delivery technique for incorporating material into fish eggs using nsPEFs, and we examined the biological effects of nsPEFs on fertilized medaka eggs and membrane transport processes in cells by externally applied nsPEFs.
The nsPEF application system constructed in this study, which consisted of a pulse generator and a reactor with electrodes, is illustrated in Fig. 1A . The pulsed power generator used in this experiment was the Blumeline line generator, which produces a nearly rectangular pulsed voltage with the same amplitude as the charging voltage when the characteristic impedance of the generator is identical to the load impedance. The pulse width can be adjusted by the length of the cable.
Five coaxial cables of 50 ohms (RG174A/U; Nexans, Paris, France) were connected in parallel to yield a characteristic impedance of 20 ohms. To produce a 15 ns pulse width, the full length of one coaxial cable (3 m) was divided into two parts. A triggered spark gap (TSG) was used as a closing switch on the side of the Blumeline line generator while the other side remained an open circuit. The TSG was well-designed and compacted to reduce the circuit inductance as far as possible. A high-voltage DC power supply (ER40R7.5; Glassman, Whitehouse Station, NJ) was used to charge the generator.
The reactor was designed to expose a single fish egg to nsPEFs. It consisted of two electrodes made of duralumin inside an acrylic vessel. The impedance of the reactor was about 20 ohms when filled with a proper amount of salt water (90 ml), with a conductivity of 30 mS/cm. The electrodes were separated by a gap of approximately 1.5 mm and were in a parallel configuration in order to make it possible to apply a uniform electric field to the egg. The electrodes were tapered at the top to allow the egg to be inserted into a shallow gutter located between the electrodes, adjusted, and removed easily (Fig. 1A) .
A typical waveform of the nsPEF generated by the reactor is shown in Fig. 1B . It is difficult to generate a rectangular pulse even using a well-designed system due to the existence of inductance in the generator circuit. The output voltage becomes smaller than the charging voltage, and the pulse width also becomes longer than expected. In Fig. 1B , the observed pulse is nearly trapezoid in shape, with a pulse duration of 20 ns full width at half maximum. The maximum value of applied voltage was about 4.5 kV, lower than the charging voltage of 6 kV. The voltages reported in this study represent the charging voltage. The intensity of the electric field was estimated to be 30 kV/cm.
To analyze the biological effects of nsPEFs, medaka eggs were collected within 5 h of spawning, and fertilized eggs (n ¼ 12) were then selected and subjected to experiments individually. nsPEF treatment was performed in a 0.3 M NaCl solution with and without 10 mM cycloheximide (Wako, Osaka, Japan) at the indicated times after egg collection. After treatment, the eggs were immersed in the same solution for 1 h, and then washed thoroughly with sufficient reverse osmotic water. Embryogenesis was observed microscopically using a CCD camera system (VB7010; Keyence, Osaka, Japan) and monitored daily until the embryos died or hatched and developed into adult fish. The experiments were repeated at least twice.
Typically, electroporation is carried out using ms to ms pulse widths and 100 V/cm to 20 kV/cm electric fields for gene delivery. Inoue et al. 6) demonstrated that recombinant plasmid DNA can be introduced into fertilized medaka eggs using electroporation for generation of transgenic medaka. However, approximately 10% of fertilized eggs treated with pulses of this magnitude died immediately from damage to the yolk sac, and only about 25% of the surviving eggs had hatched 8-20 d after fertilization. The rate of successful transgenesis was only 4%, far lower the rates observed for oocyte microinjection (27%).
6) It is generally considered that low efficiency of gene transfer is a major defect of electroporation that must be compensated for by treating a large number of samples. The main problem with electroporation treatment is very low survival rates, even when electric pulses in the ms PEF range are used. Figure 2 shows images of medaka embryos subjected to nsPEFs in the presence and the absence of 10 mM cycloheximide. The embryogenesis of eggs immersed in cycloheximide solution and unexposed to nsPEFs and that of those treated with nsPEFs in the absence of cycloheximide were identical to the non-treated control (Fig. 2) . On the other hand, the embryogenesis of medaka eggs treated with both nsPEFs and cycloheximide was delayed significantly. Since cycloheximide is A, The nsPEF system consisted of a pulse generator and a reactor. B, Typical waveform generated by the nsPEF application system. a protein synthesis inhibitor, its incorporation into eggs and subsequent translocation to embryonic cells probably affects embryogenesis directly. As a result of 3 kV nsPEF treatment in the presence of cycloheximide, the observed body size was slightly smaller than the control, and eyeball growth and pigment deposition were also delayed (data not shown). In the 6 kV nsPEF and cycloheximide treatment group, significant toxic effects were observed. The growth rate was delayed significantly, and defective embryogenetic individuals appeared (Fig. 2) at least 7 to 10 out of 12 treated eggs in each experiment. Although some differences in degree of effect were observed among individuals, almost all of them in this experiment showed adverse effects on embryogenesis under treatment. The non-treated fertilized egg control and 6 kV nsPEF groups displayed greater than 80% hatching ratio, while in contrast, the 6 kV nsPEF and cycloheximide treatment group displayed significantly impaired hatching rates (data not shown). Of the few fish that hatched and were able to swim in this group, all of them died within several days of hatching (data not shown). We speculate that these defects were due to incomplete embryogenesis caused by the incorporation of cycloheximide into the embryos of the nsPEF-permeablized eggs.
To determine whether the effect of nsPEFs treatment on medaka egg permeability was transient, sequential treatment experiments were performed. Four and 8 h after 6 kV ns-PEF treatment, fertilized eggs were immersed in a 10 mM cycloheximide solution for 1 h and then embryogenesis was monitored. The harmful effect of cycloheximide was observed only in the eggs treated with nsPEF at the same time, and embryogenesis was not affected by exposure to cycloheximide 4 h after nsPEF treatment (Fig. 3) , which indicates that the effect of nsPEF on the permeability of the egg envelope (chorion) is transient and limited to the period immediately following treatment. This is the first study to apply nsPEFs for direct permeablization of fertilized eggs. Our results indicate that nsPEF treatment affects the permeability of the medaka fertilized egg envelope (chorion) and the cell membrane without damaging the embryo, as shown by the incorporation of cycloheximide from the outer solution in the inner egg. As fish eggs have an outer egg envelope (chorion) and cell membrane, microinjection has typically been used for material introduction. However, as microinjection is a complicated and time-consuming method, the availability of a more rapid and less technical method, such as the nsPEF treatment described here, might have broad appeal. Although the treatment conditions still must be optimized and the specific details of the effects and mechanisms of nsPEFs on egg envelope (chorion) and embryos, this method has the potential to be useful in several research fields. Initially, fertilized medaka eggs were treated by 6 kV nsPEFs only. They were then immersed in 10 mM cycloheximide for 1 h at 0, 4, and 8 h after nsPEF treatment. They were then washed thoroughly and transferred to reverse osmotic water. Embryogenesis was observed using a CCD camera system at the indicated number of d after treatment (0 d indicates the time period immediately after treatment). ÀCX, PEF treatment but no cycloheximide treatment control.
